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Abstract. This study originally reports the preparation and characterization of electrospun films 13 
based on poly(ε-caprolactone) (PCL) with high histamine-binding capacity. To this end, submicron 14 
PCL fibers filled with nanostructured zeolite or silica (SiO2) microparticles in the 5–20 wt% range 15 
were first prepared by electrospinning. The resultant electrospun composite fiber mats were thereafter 16 
thermally post-treated at 55 °C to successfully develop contact-transparent films with reduced 17 
porosity and improved mechanical strength. The capacity of the developed composite films to entrap 18 
histamine was evaluated in vitro by the culture media method using Staphylococcus aureus (S. 19 
aureus) and Salmonella Paratyphi A (S. Paratyphi A) food-borne bacteria. Both electrospun zeolite- 20 
and SiO2-containing PCL films exhibited high histamine-binding capacity, being more effective for 21 
S. aureus. The histamine entrapment performance was significantly higher for the PCL films filled 22 
with zeolite due to the enhanced porous structure and more optimal adsorption selectivity of this 23 
mineral. The here-developed electrospun composite films can be originally applied as novel active-24 
scavenging packaging materials to entrap heat-stable histamine and other biogenic amines released 25 
from fish and fishery products. 26 





1. Introduction 28 
Amines are basic nitrogenous compounds in which one, two or three atoms of hydrogen in ammonia 29 
are replaced by alkyl or aryl groups. Amines are designated “biogenic” when they are produced by 30 
the action of living organisms through the decarboxylation process of amino acids (Shalaby, 1996). 31 
One of the most important biogenic amines occurring in fish and fishery products is histamine. High 32 
levels of histamine are usually formed during decomposition or spoilage process of fish, involving 33 
formation of free amino acids through proteolysis together with bacterial production and action of 34 
amino acid decarboxylases (Visciano, Schirone, Tofalo, & Suzzi, 2012). Fish of the families 35 
Scombridae and Scomberesocideae, which include mackerel, tunas, saury, bonito, seerfish, and 36 
butterfly kingfish, are commonly involved in incidents of histamine poisoning (Taylor & Eitenmiller, 37 
1986). Non-scombroid fish such as sardine, pilchards, anchovies, herring and marlin, have also been 38 
implicated. (Taylor, Smith, & Calaby, 1985). These species of fish have the naturally occurring amino 39 
acid histidine in their flesh and some spoilage bacteria rich in the enzyme histidine decarboxylase can 40 
proliferate and produce histamine (Hungerford, 2010; Kimura, Konagaya, & Fujii, 2001; Kung et al., 41 
2009; Laganà et al., 2015; López-Sabater, Rodríguez-Jerez, Roig-Sagués, & Teresa Mora-Ventura, 42 
1994). Gram-positive (G+) histamine-producing bacteria typically belong to the Staphylococcus 43 
strain (Chang, Kung, Chen, Lin, & Tsai, 2008; Kuley & Özogul, 2011; Simon & Sanjeev, 2007; Zarei, 44 
Maktabi, & Ghorbanpour, 2012), which can be isolated from fresh fish and shrimp (Lakshmanan, 45 
Shakila, & Jeyasekaran, 2002), fermented foods such as wine, cheese and fish sauce (Satomi, 2016), 46 
salted fish (Hernández-Herrero, Roig-Sagués, Rodríguez-Jerez, & Mora-Ventura, 1999), and other 47 
fishery products (Gokdogan et al., 2012; Özogul, Kacar, & Hamed, 2015). Salmonella Gram-negative 48 
(G-) bacteria of Enterobacteriaceae family have also been reported to be a histamine producer strain 49 
(Geornaras, Dykes, & Holy, 1995; Gokdogan et al., 2012; Kuley et al., 2017; Özogul et al., 2015). 50 
Heat-stable histamine is mostly formed at excessive temperatures of storage for fresh fish and 51 
prolonged handling at ambient temperatures for processed products. Bacteria responsible from 52 
histamine formation are either contaminants of post-harvest fish or natural flora of fish tissue and 53 





established the permissible limit of histamine in edible fish at 50 mg/kg (USFDA-CFSAN, 2011) and 55 
200 mg/kg (European Communities, 1991), respectively. Histamine poisoning can result from the 56 
ingestion of food containing high levels of histamine (Stratton, Hutkins, & Taylor, 1991), which is 57 
manifested by a wide variety of symptoms affecting the cutaneous system (e.g. rash, urticaria, edema, 58 
and localized inflammation) (Taylor & Eitenmiller, 1986), gastrointestinal involvements (e.g. nausea, 59 
vomiting, diarrhea, and abdominal cramps) (Murray, Hobbs, & Gilbert, 1982; Taylor & Eitenmiller, 60 
1986), and other symptoms such as hypotension, headache, palpitation, tingling, flushing, etc. 61 
(Gilbert, Hobbs, Murray, Cruickshank, & Young, 1980; Taylor et al., 1985). One of the major 62 
challenges in preventing histamine poisoning is the difficulty in guessing histamine accumulation in 63 
fish flesh based on their appearance (Lehane & Olley, 2000; Nei, 2014). Moreover, the removal of 64 
histamine in fish flesh is difficult once it is produced since it is a heat-stable compound, even with 65 
cooking and prolonged heating (Tapingkae et al., 2010). Traditionally, histamine is mainly prevented 66 
by limiting microbial growth during storage using chilling and freezing. However, histamine cannot 67 
be inactivated by freezing, chilling, cooking, and canning (Ahmed, 2019). Also, supplying a whole 68 
cold chain is not frequently practical for small scale producers. Therefore, alternative control 69 
techniques are required to prevent histamine formation or to reduce their levels once formed (Naila, 70 
Flint, Fletcher, Bremer, & Meerdink, 2010). 71 
In the last years, the electrospinning technology has received a great deal of attention as a technique 72 
for the production of polymer-based nanofibers with bioactive properties with a particular emphasis 73 
in the active and bioactive packaging field (Torres-Giner, Perez-Masia, & Lagaron, 2016). In this 74 
regard, electrospun nanofibers can be applied as monolayers and coatings or interlayers in multilayers 75 
to generate novel films with controlled release capacity of natural antimicrobial or antioxidant 76 
substances (Alp-Erbay, Yeşı̇lsu, & Türe, 2019; Quiles-Carrillo, Montanes, Lagaron, Balart, & Torres-77 
Giner, 2019; Torres-Giner, Martinez-Abad, & Lagaron, 2014). To this end, the electrospun polymer 78 
mats can be subjected to annealing, a thermal post-treatment below the polymer’s melting point (Tm), 79 





(Cherpinski, Torres-Giner, Cabedo, & Lagaron, 2017; Lasprilla-Botero, Torres-Giner, Pardo-81 
Figuerez, Álvarez-Láinez, & Lagaron, 2018; Melendez-Rodriguez et al., 2018).  82 
The use of electrospun films opens up novel opportunities in intelligent packaging since they can be 83 
functionalized by the incorporation of organic substances, inorganic fillers, and metallic nanoparticles 84 
(MNPs) at room conditions (Torres-Giner et al., 2018). Poly(ε-caprolactone) (PCL) is biodegradable 85 
in nature and biocompatible due to the susceptibility of its aliphatic ester linkage to hydrolysis. 86 
Therefore, electrospinning of PCL solutions results in nanofiber mats of high interest in tissue 87 
engineering applications (Jin et al., 2013; Sridhar et al., 2014) but also in food preservation (Alp-88 
Erbay, Dağtekin, Türe, Yeşilsu, & Torres-Giner, 2017) due to this biopolymer has been reported to 89 
be safe by the Food and Drug Administration (FDA) (Filipczak et al., 2005; Wang, Zhao, Turng, & 90 
Li, 2013). For active-scavenging systems, the PCL biopolymer is particularly suitable based on its 91 
intrinsically high permeability characteristics (Mohamed & Yusoh, 2015; Woodruff & Hutmacher, 92 
2010). Microparticles of both zeolite aluminosilicate (Huwig, Freimund, Käppeli, & Dutler, 2001) 93 
and silica (SiO2) (Showkat et al., 2007) have received a great deal of attention because of their high 94 
cation exchange capability and molecular sieving. The nanostructured pores and channels in the 95 
crystal structure of these inorganic fillers can successfully provide tridimensional (3D) cages that 96 
have the adsorption capability of toxins including histamine (Selvam, Schwieger, & Dathe, 2018). 97 
This research study deals with the development by electrospinning of active-scavenging electrospun 98 
films of PCL filled with either zeolite or SiO2 microparticles to entrap histamine produced in vitro by 99 
both G- Salmonella Paratyphi A (S. Paratyphi A) and G+ Staphylococcus aureus (S. aureus). To 100 
achieve this objective, the inorganic microparticles were first incorporated into submicron PCL fibers 101 
by solution electrospinning and the resultant mats were thereafter thermally post-treated to produce 102 
continuous films. The morphological, mechanical, transparency, and histamine-binding capacity 103 
properties of the resultant zeolite- and SiO2-containing PCL films were tested to ascertain their 104 






2. Materials and methods 107 
2.1. Materials 108 
PCL (reference 440744) with a weight-average molecular weight (MW) of 80 kDa and a water content 109 
< 0.5% was obtained from Sigma-Aldrich S.A. (Madrid, Spain). Zeolite CFT‐03 Sapo‐34 with a 110 
chabazite topology was supplied by Tianjin Chemist Scientific, Ltd. (Tianjin, China). Hydrophobic 111 
pyrogenic SiO2 nanostructured microparticles (HDK H18) with an average particle size of 112 
approximately 17 µm and a Brunauer–Emmett–Teller (BET) surface area of 170–230 m2/g were 113 
obtained from Wacker Chemie Company (Munich, Germany). Further details about the morphology 114 
and characteristics of the microparticles of zeolite (Torres-Giner, Torres, Ferrándiz, Fombuena, & 115 
Balart, 2017) and SiO2 (Lasprilla-Botero et al., 2018; Pardo-Figuerez, López-Córdoba, Torres-Giner, 116 
& Lagaron, 2018) can be found elsewhere. 117 
Chloroform (288306), L-histidine monohydrochloride monohydrate (H8125) with a purity of ≥98%, 118 
pyridoxal hydrochloride (P9130), peptone (68971), nutrient broth (70122), acetonitrile (HPLC grade) 119 
(34998), sodium chloride (NaCl) (S9888), ethanol (493511), trichloroacetic acid (TCA) (T6399), 120 
sodium hydroxide (NaOH) (221465), diethyl ether (309966), potassium hydroxide (KOH) (1310-58-121 
3), histamine dihydrochloride (PHR1357-500MG), Tryptic Soy Agar (22091) and benzoyl chloride 122 
(259950) were all purchased from Sigma-Aldrich S.A. 1-Butanol (131082.1612) was provided by 123 
Panreac S.A. (Barcelona, Spain). The foodborne bacteria S. aureus (ATCC 29213) and S. parathypi 124 
A (NCTC13) were gently provided by Recep Tayyip Erdoğan University (Rize, Turkey). 125 
2.2. Electrospinning 126 
The electrospinning solutions were prepared by dissolving 4 wt% PCL in a 75/25 (vol/vol) solvent 127 
mixture of chloroform/butanol under magnetic stirring at room temperature, that is, 23 °C. Once PCL 128 
was fully dissolved, either the zeolite or SiO2 microparticles were added, in powder form, to the 129 
biopolymer solution at contents of 5 wt%, 10 wt%, 15 wt%, and 20 wt% with respect to the PCL 130 
weight fraction. The resultant dispersions were stirred for at least 12 h until homogenous suspensions 131 





The PCL suspensions were then transferred to a 12-mL plastic syringe connected through a 133 
polytetrafluoroethylene (PTFE) tube to a stainless steel needle (diameter 0.9 mm) and then processed 134 
by electrospinning using a pilot-plant Fluidnatek™ LE-500 device (Bioinicia S.L., Valencia, Spain). 135 
This device was operated in lab mode with only one emitter, scanning vertically towards a metallic 136 
plate covered with aluminum foil. The solutions were electrospun for 2 h, under a steady flow-rate of 137 
3 mL/h, setting a voltage of 14 kV and a tip-to-collector distance of 15 cm. A solution of neat PCL 138 
was also processed in the same conditions as control. All experiments were performed at room 139 
conditions, that is, 23 °C and 40% relative humidity (RH), in a controlled environmental chamber. 140 
2.3. Films preparation 141 
The resultant electrospun PCL mats were thermally post-treated using a hydraulic press 4122-model 142 
from Carver, Inc. (Wabash, IN, USA). Annealing was carried out at various temperatures, that is, 143 
45°C, 55°C, and 65°C, for an interval of 40 s, without pressure, based on previously optimized 144 
conditions.(Lasprilla-Botero et al., 2018)  145 
2.4. Materials characterization 146 
2.4.1. Solution properties 147 
All biopolymer solutions were characterized in terms of viscosity, surface tension, and conductivity. 148 
The apparent viscosity (ηa) was determined at 100 s−1 using a rotational viscosity meter Visco 149 
BasicPlus L from Fungilab S.A. (San Feliu de Llobregat, Spain) equipped with a low-viscosity 150 
adapter (LCP). The surface tension was measured following the Wilhemy plate method using an 151 
EasyDyne K20 tensiometer from Krüss GmbH (Hamburg, Germany). The conductivity was evaluated 152 
using a conductivity meter XS Con6 from Lab-box (Barcelona, Spain). All measurements were 153 
carried out at room temperature in triplicate. 154 
2.4.2. Film thickness and conditioning 155 
Film thickness was measured with a digital micrometer series S00014, having ±0.001 mm accuracy, 156 





equilibrated, before evaluation, in a desiccator at 0% RH containing dried silica gel at a constant 158 
temperature of 23 °C for 1 week. 159 
2.4.3. Electron microscopy 160 
Scanning electron microscope (SEM) was used to evaluate the morphology of the zeolite and SiO2 161 
powders, the electrospun PCL fibers, and the cross-sections and surfaces of the resultant films. To 162 
this end, a Hitachi S-4800 electron microscope (Tokyo, Japan) operating at an accelerating voltage 163 
of 20 kV and a working distance of 8–10 mm was used. Film cross-sections of the samples were 164 
previously prepared by cryofracture using liquid nitrogen. Prior to observation, all samples were fixed 165 
to beveled holders using conductive double-sided adhesive tape, sputtered with a mixture of gold-166 
palladium under vacuum for 3 min. At least 20 SEM images were used to determine the average sizes 167 
with ImageJ Launcher v 1.41 software. 168 
Transmission electron microscopy (TEM) was performed to analyze the dispersion of the zeolite and 169 
SiO2 microparticles in the electrospun PCL fibers. A Jeol 1010 equipment from JEOL USA, Inc. 170 
(Peabody, MA, USA), operating with an acceleration voltage of 80 kV, was employed. The nanofibers 171 
were previously collected on a sandwich-type holder (Agar Scientific-G230, Agar Scientific Ltd, 172 
Essex, UK) with a mesh size of 3.05 mm. 173 
2.4.4. Transparency measurements 174 
The light transmission of the films was determined in specimens of 50×30 mm2 by quantifying the 175 
absorption of light, using an ultraviolet–visible (UV–Vis) spectrophotometer UV-1800 Shimadzu 176 
(Kyoto, Japan). The transparency value (𝑇𝑇) of the films was calculated using Equation 1 (Figueroa-177 
Lopez, Castro-Mayorga, Andrade-Mahecha, Cabedo, & Lagaron, 2018): 178 
  179 
𝑇𝑇 = 𝐴𝐴600
𝐿𝐿
      (1) 180 
Where 𝐴𝐴600 is the absorbance value at 600 nm and L is the film thickness (mm). Measurements were 181 





2.4.5. Mechanical tests 183 
Tensile tests were carried out on the electrospun mat and films using a TA.XT Plus Universal Testing 184 
Machine from Stable Micro Systems, Ltd (Surry, UK). Tests were performed according to ISO 527-185 
1:2012 on uniform rectangular strips with dimensions of 50×5 mm2 using miniature tensile grips. The 186 
cell load was 100 N, the grip distance was 10 mm, and the cross-head speed was 2 mm/min. At least 187 
six samples of each material were tested at room temperature. 188 
2.4.6. Histamine production and determination 189 
Histamine production in culture medium was carried out following the method described by Klausen 190 
& Huss (1987). Briefly, 2 g of peptone, 5 g of NaCl, 8.02 g of L-histidine monohydrochloride 191 
monohydrate, and 5 mg of pyridoxal hydrochloride were added to 1000 mL of purified water. The 192 
resultant solution was first adjusted to pH 6.0 with 1M KOH and, thereafter, sterilized at 121 °C for 193 
15 min to obtained the so-called histidine amino acid decarboxylase solution. The two selected food 194 
pathogens, that is, S. aureus and S. Paratyphi A, were then separately cultivated in nutrient broth 195 
(70122) from Sigma-Aldrich S.A., having a concentration of 0.5 McFarland turbidity standard that is 196 
equivalent to 1.45 × 107 colony forming units (CFU)/ml for S. aureus and 1.3 × 107 colony forming 197 
units (CFU)/ml for S. Paratyphi A, for 24 h at 37 °C. Thus, 0.5 mL of each bacterial medium was 198 
transferred separately to the tubes containing the histidine amino acid decarboxylase solution to allow 199 
them to decarboxylate histidine. Film samples sizing 2×2 cm2 were then immersed into the above-200 
prepared histidine amino acid decarboxylase solution containing the bacterial culture and the whole 201 
suspension was stored for histamine production for 72 h at 37 °C. Thereafter, the film samples were 202 
removed from the histamine-containing tubes and their surfaces were washed with ethanol to remove 203 
the excess of non-binding components from the films. The films were allowed to dry under vacuum 204 
at 23 °C for 2 h. Then, 2 mL of 6 vol% TCA was added to the control tubes, without the film samples, 205 
for the histamine extraction control and all the tubes were centrifuged at 10,000 rpm for 10 min at 4 206 
°C. The values of pH and the bacterial growth were also determined for each solution at the end of 207 





SG2-FK - SevenGo ™ pH meter, USA). Bacterial growth was also monitored parallel with histamine 209 
production. For this, spread plate method was used and 0.1 mL of well-mixed diluted samples were 210 
inoculated to Tryptic Soy Agar (Sigma-Aldrich, 22091) surface then, distributed the inoculum by 211 
sterile spreader device aseptically. The petri dishes were incubated 24 h at 37 °C.  212 
For the determination of the histamine entrapped in the films, the samples were dissolved in 4 mL of 213 
chloroform and the resultant solutions were then passed through a 47-μm filter (Isolab Laborgeräte 214 
GmbH, Wertheim, Germany). Thereafter, 4 mL of the solution was transferred to a new tube and 1 215 
mL of 2 M NaOH and 40 μL of benzoyl chloride was added and vortexed for 40 s for benzylation. 216 
The mixture was further allowed to stand at room temperature for 20 min in order to complete 217 
benzylation, which was ended by adding 2 mL of saturated NaOH. Thus, the solution was extracted 218 
with 4 mL of diethyl ether. The upper organic phase formed after the extraction process was 219 
transferred to the tubes, the ether was evaporated by purging nitrogen gas at a pressure of 1.5 bar, and 220 
the residues in the tube were dissolved in 1 mL of acetonitrile. The resultant suspension was filtered 221 
again and then 1.5 mL of sample was transferred to amber vials with PTFE caps for chromatographic 222 
analyses. The content of histamine in the film samples was determined by high-performance liquid 223 
chromatography (HPLC, Agilent 1100 series, Agilent Technologies Hewlett-Packard-Strasse 8, 224 
76337 Waldbronn, Germany) equipped with a diode array detector (DAD) and InfinityLab Poroshell 225 
120 EC- C18 column. A standard solution of histamine dihydrochloride was prepared by dissolving 226 
165.7 mg in 10 mL of ultrapure water and the final concentration of the free base was adjusted to 10 227 
mg/mL. Derivatization of the standard solution was done in the above-mentioned conditions 228 
described for the film samples. HPLC determination conditions were set at 254 nm using acetonitrile 229 
and ultrapure water as the mobile phases. A calibration curve of histamine against peak area was 230 
generated to measure the final histamine values (Y= 252222×X + 384.192; R2 = 0.9996). The 231 
percentage of entrapped histamine in the films was determined as the quantity of histamine obtained 232 
in the dissolved films versus the produced histamine in the control sample without film. Tests were 233 
performed in triplicate by each bacterial species. 234 





The solution and mechanical properties as well as the histamine extraction were evaluated through 236 
analysis of variance (ANOVA) using STATGRAPHICS Centurion XVI v 16.1.03 from StatPoint 237 
Technologies, Inc. (Warrenton, VA, USA). Fisher’s least significant difference (LSD) was used at 238 
the 95% confidence level (p < 0.05). Mean values and standard deviations were also determined. 239 
3. Results and discussion 240 
3.1. Solution properties 241 
PCL was readily soluble in chloroform/butanol at 4 wt% and all the mineral microparticles were well 242 
dispersed in the polymer solutions prior and during the electrospinning process up to contents of 20 243 
wt%. It is well known that the attained morphology during electrospinning is strongly dependent on 244 
a number of processing parameters (Li & Xia, 2004). Table 1 gathers the values of viscosity, surface 245 
tension, and conductivity of the PCL solutions. 246 
[Place Table 1 near here] 247 
Among all the studied solution parameters, viscosity is the most important factor affecting the 248 
morphology of electrospun polymers and it is directly related to the polymer concentration and 249 
polymer’s MW (Ramakrishna, Fujihara, Teo, Lim, & Ma, 2005). The viscosity of the neat PCL 250 
solution was 0.7548 Pa.s, similar with that reported earlier by Beachley & Wen (2009), and the 251 
viscosity values of the PCL solutions were significantly higher as the content of both zeolite and SiO2 252 
microparticles increased. One can consider that this effect was produced due to the fact that the 253 
microparticles interaction became higher and the PCL molecules mobility lower with the increasing 254 
volume fraction of the suspended microparticles in the dispersion. At the highest filler contents, the 255 
viscosity increase was significantly lower in the case of the PCL dispersions with SiO2 than zeolite, 256 
then suggesting a higher interaction of the latter microparticles with the biopolymer. For instance, 257 
whereas the PCL/SiO2 20 wt% solution resulted in a viscosity of 1.8647 Pa.s, the solution with the 258 
same concentration of zeolite presented a value of 8.194 Pa.s. In terms of electrospinnability, it has 259 





biopolymers, however excessively high viscosities can yield low processability due to instabilities 261 
during processing (Sreekumar, Lemke, Moerschbacher, Torres-Giner, & Lagaron, 2017). In relation 262 
to surface tension, the neat PCL solution presented a value of 27.8 mN/m. One can observe that the 263 
presence of high zeolite contents reduced the surface tension up to values of 24.0 mN/m, whereas the 264 
silica microparticles increased the values up to 33.9 mN/m. The latter change can be ascribed to the 265 
high hydrophobicity of SiO2 that can increase the surface energy, that is, the amount of intermolecular 266 
force created at the liquid surface, of the PCL solutions in chloroform (Lasprilla-Botero et al., 2018). 267 
Lower values of surface tension are habitually preferred during electrospinning since they can 268 
potentially increase the processability of biopolymers as it reduces the force needed to ungroup the 269 
assortment of molecules during the applied electric field (Geng, Kwon, & Jang, 2005). Finally, it can 270 
be observed that zeolite had a negligible effect on the conductivity of the PCL solution, showing 271 
values in the 0.01–0.02 µS/cm range. As opposite, the SiO2 addition increased the PCL solution 272 
conductivity around 10 times, indicating that the these microparticles present certain ionic nature, 273 
which is another factor that may limit its processability by electrospinning (Tang, Abd-El-Aziz, Dong, 274 
Masuda, & Weder, 2014). In any case, although solution properties can anticipate processability 275 
issues during electrospinning, habitually it is difficult to elucidate the effect of a single property 276 
without considering the impact of the other ones (Torres-Giner, Wilkanowicz, Melendez-Rodriguez, 277 
& Lagaron, 2017). 278 
3.2. Morphology of microparticles 279 
Fiber diameter and shape can play a key role in the final properties of the electrospun materials and 280 
the films prepared from these. The morphology of the SiO2 and zeolite microparticles was analyzed 281 
by SEM and Figure 1 shows the micrographs of the as-received mineral powders. On the one hand, 282 
it is seen that SiO2 was composed of surface micro-sized aggregates made of nanoparticles with an 283 
average diameter of approximately 60 nm (Figure 1A). The absorption performance and 284 
functionalization of the silica particle surface is usually attained by the high porosity formed as a 285 





known to crystallize in a triclinic crystal system to form humidity ombohedral‐shaped crystals (Li, 287 
Li, Jiang, Tao, & Mai, 2013), was presented in the form of cubes with dimensions between 1–3 µm 288 
and a bimodal particle size distribution (Figure 1B). The cage-like cavities of zeolite typically range 289 
in the order of 3 Å to 15 Å, thus being not observable by SEM. This particular morphology confers 290 
zeolite the ability of adsorbing or rebuffing molecules depending on their size, shape, and polarity 291 
(Breck, Eversole, Milton, Reed, & Thomas, 1956; Kickelbick, 2003; Yuzay, Auras, Soto-Valdez, & 292 
Selke, 2010). 293 
[Place Figure 1 near here] 294 
3.3. Morphology of electrospun fibers 295 
The SEM micrographs of the electrospun PCL fibers containing different amounts of zeolite or silica 296 
SiO2 microparticles are shown in Figure 2. In Figure 2A, it can be observed that the neat PCL mat 297 
was composed of round-like fibers having a smooth surface morphology without beads. The 298 
electrospun fibers presented a dual distribution of sizes, which have been associated with the 299 
formation of satellite drops during the breakup of the solution jet (Deitzel, Kleinmeyer, Harris, & 300 
Beck Tan, 2001), having thick fibers with a mean diameter of 1039 ± 236 nm that coexisted with 301 
nanofibers of 37 ± 3 nm. The high viscosity observed above for the solutions suggests that the 302 
biopolymer presented sufficient chains entanglement to overcome the electrical charges during 303 
electrospinning and fully stretch into bead-free fibers (Shahabadi, Kheradmand, Montazeri, & Ziaee, 304 
2015). The SEM images of the electrospun mats of the SiO2-containing PCL fibers are shown in 305 
Figures 2B-E. At low SiO2 contents, that is 5 wt% and 10 wt%, the electrospun fibers were relatively 306 
similar to those observed for the neat PCL though their diameters were slightly lower. In particular, 307 
the PCL/SiO2 5 wt% presented a bimodal distribution with mean values of 802 ± 136 nm and 56 ± 5 308 
nm whereas these values were 729 ± 102 nm and 55 ± 4 nm for the PCL/SiO2 10 wt%, as respectively 309 
seen in Figures 2B and 2C. At 15 wt% SiO2, however, the PCL fiber morphology was altered. Figure 310 
2D shows that these composite fibers became corrugated, showing an unimodal distribution with a 311 





morphological change can be ascribed to a combined increase of viscosity and surface tension for the 313 
dispersions used for electrospinning. In this regard, Forouharshad et al. (2010) reported that, under 314 
the effect of surface tension, the high numbers of free solvent molecules in the solution come together 315 
into a spherical shape causing the formation of beads. In any case, the relatively high viscosities 316 
attained also prevented breakup of the jet due to an increased polymer chain entanglement that led to 317 
the formation of fibers instead of beads (Tarus, Fadel, Al-Oufy, & El-Messiry, 2016). In Figure 2E, 318 
showing the electrospun PCL fiber filled with the highest SiO2 content, that is, 20 wt%, one can 319 
observe that the microparticles highly agglomerated and were located outside the fibers. As a result, 320 
the fiber diameter also decreased to values of 583 ± 112 nm. Similarly, Shin et al. (2013) reported 321 
that the diameter of electrospun PCL nanofibers containing SiO2 microparticles decreased with the 322 
filler content increased. 323 
[Place Figure 2 near here] 324 
The electrospun zeolite-containing PCL mats are gathered in Figures 2F-I. Zeolite, even at the lowest 325 
content, induced a significant change on the fiber morphology. The electrospun PCL/zeolite 5 wt% 326 
mat, shown in Figure 2F, was composed of fibers having a bimodal distribution with sizes of 773 ± 327 
136 nm and 51 ± 7 nm in which the thicker fibers also presented beaded regions. Although the 328 
incorporation of higher contents of zeolite tended to both slightly reduce fiber diameter and generate 329 
a unimodal distribution, it also increased the size and number of beaded regions. In particular, the 330 
mean diameters were 683 ± 115 nm, 585 ± 122 nm, and 475 ± 151 nm for the PCL fibers containing 331 
10 wt% (Figure 2G), 15 wt% (Figure 2H), and 20 wt% (Figure 2I) of zeolite, respectively. The 332 
beaded regions observed in the fibers can be related to the higher size of the zeolite microparticles, 333 
which were in the size range of the electrospun PCL fiber diameters, and also to difficulties 334 
encountered during electrospinning due to the high viscosities of the dispersions. Moreover, Wang 335 
and Peng (2010) indicated that zeolite has the capability to hold heavy metal ions by its porous 336 
structure by which it easily forms aggregates. Similar results were also reported by Hwang et al. 337 





considerably by the addition of zeolite whereas, when the mineral concentration increased above the 339 
optimal concentration, fibers were thicker and aggregated at the needle tip. 340 
TEM was also performed on the composite PCL fibers in order to ascertain the dispersion of the SiO2 341 
and zeolite microparticles in the electrospun fibers. The distribution of the SiO2 microparticles in the 342 
core of the electrospun fibers are illustrated in the TEM images included in Figure 3A-B. It can be 343 
seen that the SiO2 microparticles were efficiently encapsulated in the fiber matrix though they also 344 
tended to agglomerate in certain regions. In the case of the zeolite-containing PCL fibers, shown in 345 
Figure 3C-D, the microparticles presented a lower degree of agglomeration at low contents. 346 
However, zeolite was excluded from the fibers at higher contents. An apparent good dispersion for 347 
both SiO2 and zeolite was kept up to 10 wt% of mineral content, whereas bigger agglomerates were 348 
formed at 20 wt%. This can be ascribed to an inhomogeneous distribution of the mineral fillers due 349 
to solubility limits within the biopolymer matrix (Hwang et al., 2013; Torres-Giner & Lagaron, 2010). 350 
Similar morphologies were reported, for instance, by Mehrasa et al., 2016 when SiO2 and zeolite 351 
nanoparticles were incorporated into electrospun polyvinyl alcohol (PVA)/collagen nanofibers. 352 
[Place Figure 3 near here] 353 
3.4. Morphology of electrospun composite films 354 
The electrospun fibers mats were aimed to be turned into actual films by the application of thermal 355 
post-treatment at different temperatures, for a few seconds, since they can be more advantageous for 356 
application in food packaging. In order to ascertain the film-forming process, the cryofracture surfaces 357 
of the electrospun PCL mats were analyzed by SEM. Figure 4 shows the cross-sections of the 358 
electrospun neat PCL mats prior to annealing (Figure 4A) and after post-treatment at 45 °C (Figure 359 
4B), 55 °C (Figure 4C), and 65 °C (Figure 4D), all for 40 s and without pressure. It can be seen that 360 
at 45 °C, the electrospun PCL material preserved their original fiber-based morphology though the 361 
mat porosity was slighlty reduced. Annealing at 55 °C, interestingly, yielded a continuous film with 362 
a very low porosity, which has been ascribed to a packing rearrangement of the electrospun fibers 363 





individual electrospun fibers coalesced and merged almost completely without losing their fibrilar 365 
morphology. At 65 °C, however, the SEM image revealed that the electrospun mat was melted due 366 
to PCL’s Tm was exceeded, showing strong evidences of plastic deformation during fracture. As a 367 
result of annealing, the thicknesses of the electrospun PCL samples changed from approximately 200 368 
µm, for the fibers mat, to around 60 µm, for the annealed films. 369 
[Place Figure 4 near here] 370 
Based on the above results, the electrospun composite fibers of PCL filled with SiO2 or zeolite 371 
microparticles were subjected to annealing at 55 °C. The SEM images taken on the cross-sections of 372 
the resultant thermally post-treated electrospun materials are gathered in Figure 5. The resultant 373 
electrospun films presented a mean thickness of 60 ± 5 µm. Figures 5A-D show the electrospun SiO2-374 
containing PCL films where the contents of up to 15 wt% SiO2 resulted in films with a similar fracture. 375 
The microparticles were clearly visible from the pouch-like opening shown in Figures 5A and 5B, 376 
corresponding to the PCL/SiO2 5 wt% and PCL/SiO2 10 wt% films, respectively. In the cross-section 377 
of the PCL/SiO2 15 wt% film, shown in Figure 5C, it is seen that several microparticles were finely 378 
dispersed in the electrospun PCL matrix as similarly reported by Lasprilla-Botero et al. (2018). At 20 379 
wt% SiO2, however, the particles were more agglomerated. As also previously described by Pardo-380 
Figuerez et al. (2018), SiO2 nanoparticles habitually tend to agglomerate in microparticles and also 381 
form large mineral aggregates due to the strong cohesive forces between their primary particles. The 382 
electrospun zeolite-containing PCL films are included in Figures 5E-H. Similar to the SiO2 383 
microparticles, zeolite was efficiently encapsulated and relatively well distributed in the electrospun 384 
PCL films up to contents of 15 wt%. In all these fracture surfaces, gathered in Figures 5E-G, cubic-385 
shaped zeolite microparticles can be distinguished within the electrospun PCL matrix and it has been 386 
exhibited that the film morphology was successfully attained after annealing. In contrast, in Figure 387 
5H, corresponding to the PCL/zeolite 20 wt% film, it can be observed that the fibers did not 388 
effectively coalesce due to the high content and size of zeolite. 389 





The visual properties of the films are also an important factor in terms of consumer acceptability. 391 
Figure 6 shows the appareance of the electrospun films developed. Simple naked eye examination of 392 
this image indicated that annealing produced continuous PCL films with relatively high contact 393 
transparency properties, showing a T value of 12.6 ± 2.0. Only the PCL/zeolite 20 wt% sample 394 
resulted in an opaque film, having a T value of 18.5 ± 3.1, which can be ascribed to the fiber-based 395 
morphology observed in previous Figure 5H. This effect is due to the inherent opacity of the 396 
electrospun mats, which is composed of fibers placed randomly that generate a significant level of 397 
porosity and hence refract the light very strongly (Quiles-Carrillo et al., 2019). As opposite, the 398 
composite films containing 5–10 wt% mineral fillers showed a relative high transparency, presenting 399 
T values in the 11–14 range. This result indicates that the here-prepared electrospun composite PCL-400 
based mats containing SiO2 and zeolite microparticles up to contents of 15 wt% can be turned into 401 
actual films, which may be advantageous for active packaging applications. 402 
[Place Figure 6 near here] 403 
3.5. Mechanical properties of electrospun composite films 404 
Figure 7 shows the representative tensile stress–strain curves for the electrospun PCL fibers and the 405 
annealed films made of neat PCL and PCL filled with different contents of SiO2 and zeolite. All 406 
electrospun materials presented typical non-linear curves based on elastic deformation until they 407 
reach the yield point, the so-called elastic limit, from which plastic deformation occurred. The 408 
mechanical properties obtained from the curves are reported in Table 2. As seen from the table, the 409 
mechanical strength of the PCL nanofibers was very low, showing values of tensile modulus (E) and 410 
tensile strength at yield (σy) of 19.6 ± 6.1 MPa and 4.5 ± 0.8 MPa, respectively, whereas the average 411 
value of elongation at break (εb) was 183.9 ± 9.8 %. These values are consistent with those reported 412 
in literature for non-woven electrospun mats composed of PCL fibers with similar diameters (Croisier 413 
et al., 2012). This poor mechanical behavior is related to the high porosity of the electrospun 414 
materials. Indeed, fiber mats prepared by electrospinning present a percentage of porosity typically 415 





mechanically stronger and also slightly less ductile in comparison with the electrospun mat. In 417 
particular, the neat PCL film exhibited values of E and σy of 188.3 ± 10.1 MPa and 22.5 ± 3.4 MPa 418 
whereas the εb value was 162.5 ± 8.1 %. This mechanical enhancement can be mainly related to the 419 
improved homogeneity and reduced porosity attained in the electrospun sample after annealing. The 420 
mechanical performance observed in the electrospun films is relatively similar than that reported for 421 
melt-extruded PCL films, that is, E of 190 ± 6 MPa, σy of 14.2 ± 1.4 MPa, and εb > 550% (Averous, 422 
Moro, Dole, & Fringant, 2000), which can be considered a very elastic and tough material. The 423 
differences attained can be ascribed to the test conditions and sample orientation but also to 424 
interactions between the coalesced fibers in the electrospun film sample such as slip of fibers over 425 
one another, point bonding, alignment, etc. (Kim, Han, Park, & Kim, 2007). In this sense, previous 426 
results have indicated that thermal post-processing of the electrospun biopolymer fibers in a 427 
controlled manner can successfully generate materials with a more balanced mechanical performance 428 
than those prepared by conventional melting routes (Cherpinski et al., 2017; Melendez-Rodriguez et 429 
al., 2018). 430 
[Place Figure 7 near here] 431 
[Place Table 2 near here] 432 
Incorporation of both fillers at the lowest contents, that is, 5 and 10 wt%, slightly improved the E and 433 
σy values but reduced εb, indicating the films became more rigid and less ductile. Also, the mechanical 434 
performance of the composite film produced at 15 wt% zeolite, that is, PCL/zeolite 15%, was still 435 
acceptable in terms of mechanical strength and ductility. However, the highest content of zeolite, that 436 
is, 20 wt%, and loading of SiO2 of 15 wt% and 20 wt% resulted in film samples with a relatively low 437 
elastic limit and excessive brittleness. This effect can be related to both a phenomenon of particle 438 
agglomeration, previously observed in Figure 3 during TEM analysis, and also to the high porosity 439 
remained in these electrospun annealed samples due to the difficulties of fibers to coalesce, as imaged 440 
in previous Figure 5. Therefore, the improved mechanical strength and toughness observed for the 441 
electrospun PCL films produced at low and moderate filler contents makes them suitable candidates 442 





3.6. Histamine-binding capacity of electrospun composite films 444 
The histamine entrapment performance of the electrospun composite films of PCL with SiO2 and 445 
zeolite microparticles was investigated by the culture media method, in which histamine-producing 446 
bacteria were developed in a L-histidine amino acid decarboxylase solution in the presence of the film 447 
samples. To this end, S. aureus (G+) and S. Paratyphi A (G-) were both tested to produce histamine 448 
in vitro. These two bacteria were selected since they are among the most reported histamine producer 449 
microorganisms in fermented salted fish and fishery products (Allen, 2004; Laganà et al., 2015; 450 
Özogul et al., 2015). Table 3 shows the amount of histamine entrapped for each electrospun film as 451 
well as their binding capacity, which was determined by the percentage of entrapped amount of 452 
histamine with respect to the total histamine produced in the media, for each bacterium. pH of each 453 
soltion and bacterial growth parallel with histamine production after 72 h of incubation was shown in 454 
the table. As seen from the table, both bacteria formed similar amounts of histamine, in the 0.7–0.8 455 
mg/L range, being slightly higher in the case of S. Paratyphi A. This minor difference can be ascribed 456 
to the fact that histamine is a competitive inhibitor of the pyruvoyl enzymes, which is encountered in 457 
G- bacteria, but not of the pyridoxal phosphate enzymes that are found in G+ bacteria (De Las Rivas, 458 
Rodríguez, Carrascosa, & Muñoz, 2008; Landete, De Las Rivas, Marcobal, & Muñoz, 2008). 459 
Therefore, when S. aureus began to produce histamine via the enzyme group of pyruvoyl, the formed 460 
histamine itself inhibited the formation of the pyruvoyl-dependent enzyme. The results showed that, 461 
whereas the neat electrospun PCL film presented no histamine-binding capacity, all the composite 462 
films showed increasing capacity with the filler loading. The zeolite-containing PCL films offered 463 
significantly higher histamine-binding capacity than those composite films based on SiO2 464 
microparticles. For instance, the PCL/zeolite 5 wt% film sample was able to entrap similar 465 
percentages of histamine than the PCL/SiO2 20 wt%, that is, both values were approximately 80% 466 
and 55% for S. aureus and S. Paratyphi A, respectively. This result suggests that, although both 467 
mineral microparticles can successfully adsorb organic molecules and permanent gases by a volume 468 
filling effect of their nanopores, zeolite is significantly more effective to entrap histamine. This 469 





molecules is higher than that of SiO2. The latter microparticles are known to be more selective for the 471 
adsorption of organic molecules smaller than its limiting pore size so that they can be still a valuable 472 
material for other active packaging applications (Melendez-Rodriguez et al., 2019) and also 473 
detoxification therapies (Yantasee et al., 2010). 474 
[Place Table 3 near here] 475 
In this regard, Selvam et al. (2018) recently observed that Cuban zeolites present higher histamine-476 
binding capacity than Mexican ones due to their higher pore volume and lower particle sizes. 477 
Similarly, Özogul et al. (2015) previously reported that histamine was strongly adsorbed onto natural 478 
zeolite at pH values from 1 to 7. One can also observe that the binding capacity of both fillers was 479 
higher for S. aureus than for S. Paratyphi A. This observation can be then related to slighlt variations 480 
of the pH level of the culture media due to the products, by-products, and waste compounds such as 481 
organic acids produced by the bacteria growth and metabolism (Sánchez-Clemente et al., 2018). The 482 
pH value was initially adjusted to 6.0 to avoid alkalization by the formed ammonia but during the 483 
entrapment test, as shown in the table, it slighly decreased to values around 5.5. and 5.8 for S. aureus 484 
than for S. Paratyphi A., respectively. Indeed, zeolite and SiO2 both show different binding capability 485 
as a function of pH. For instance, the natural zeolite’s efficiency to remove histamine is typically 486 
achieved in the pH range 5–6 since at these conditions the histamine species are found in a dissociated 487 
ammonium (NH4+) form so that its ion-exchange with the cations in the zeolite structure can 488 
successfully occur (Moshoeshoe, Nadiye-Tabbiruka, & Obuseng, 2017). This observation further 489 
supports the higher histamine-binding performance achieved for zeolite in the electrospun film 490 
samples. Bacterial growth of each group was monitored after 72 h of incubation. Initial count for S. 491 
aureus was 1.45 × 107 CFU/ml and for S. Paratyphi A was 1.3 × 107 CFU/ml. After the incubation 492 
period, S. aureus was multiplied up to 14.04×107 while S. Paratyphi A was 16.32×107. The presence 493 
of either both different levels of SiO2 and zeolite including PCL electrospun films or neat PCL 494 
electrospun films did not affect the bacterial growth significiantly.Our results also similar with the 495 
(Hanim, Malek, & Ibrahim, 2016; Krokowicz et al., 2015; Yao et al., 2019) indicate that both zeolite 496 





zeolite in certain concentrations stimulate bacterial growth. This results demonstrate that proper 498 
amounts of zeolite and silica including PCL electrospun films are recommended to use removing 499 
histamine from the fishery products.   500 
4. Conclusions 501 
Histamine, a biogenic amine, is a heat-stable compound and its removal from fish and fishery products 502 
is currently a technological challenge. The present study evaluated the incorporation of 503 
nanostructured SiO2 and zeolite microparticles into submicron PCL fibers by solution electrospinning 504 
in order to develop highly effective materials to entrap histamine. The resultant electrospun composite 505 
mats were thermally post-treated to generate continuous and transparent films of more application 506 
interest in food packaging. The mechanical analysis performed showed that the electrospun PCL fiber 507 
mats could be effectively turned into actual films with similar performance than their counterpart 508 
melt-extruded films. Finally, the electrospun zeolite-containing PCL films showed high histamine-509 
binding capacity formed in vitro by S. aureus and S. Paratyphi A, even at the lowest mineral content, 510 
which was ascribed to its porous-like surface characteristics and more optimal selectivity for the 511 
adsorption of hydrophilic and polar molecules. Therefore, the biopolymer composite films developed 512 
herein show a great deal of potential for histamine entrapment in fish and fishery products in active 513 
packaging applications. 514 
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Figure captions 803 
804 
Figure 1. Scanning electron microscopy (SEM) micrographs of the as-received powders of: (A) 805 






Figure 2. Scanning electron microscopy (SEM) micrographs of the electrospun fibers of: (A) Neat 808 
poly(ε-caprolactone) (PCL); (B) PCL/silica (SiO2) 5 wt%; (C) PCL/SiO2 10 wt%; (D) PCL/SiO2 15 809 
wt%; (E) PCL/SiO2 20 wt%; (F) PCL/zeolite 5 wt%; (G) PCL/zeolite 10 wt%; (H) PCL/zeolite 15 810 






Figure 3. Selected transmission electron microscopy (TEM) micrographs of the electrospun fibers 813 
of: (A) Poly(ε-caprolactone) (PCL)/silica (SiO2) 10 wt%; (B) PCL/SiO2 20 wt%; (C) PCL/zeolite 10 814 






Figure 4. Scanning electron microscopy (SEM) micrographs of the electrospun mats of poly(ε-817 
caprolactone) (PCL) thermally post-processed for 40 s, without pressure, at different temperatures: 818 






Figure 5. Scanning electron microscopy (SEM) micrographs of the electrospun mats thermally post-821 
processed at 55 ⁰C for 40 s, without pressure, of: (A) Poly(ε-caprolactone) (PCL)/silica (SiO2) 5 wt%; 822 
(B) PCL/SiO2 10 wt%; (C) PCL/SiO2 15 wt%; (D) PCL/SiO2 20 wt%; (E) PCL/zeolite 5 wt%; (F) 823 






Figure 6. Visual appearance and contact transparency of the electrospun films of: (A) Poly(ε-826 
caprolactone) (PCL); (B) PCL/zeolite 5 wt%; (C) PCL/zeolite 10 wt%; (D) PCL/zeolite 15 wt%; 827 
(E) PCL/zeolite 20 wt%; (E); PCL/silica (SiO2) 5 wt% (F) PCL/ SiO2 10 wt%; (G) PCL/SiO2 15 828 












Figure 7. Tensile stress–strain curves of the electrospun fibers mat and films of poly(ε-caprolactone) 837 






Table 1. Values of viscosity, surface tension, and conductivity of the suspensions of poly(ε-840 
caprolactone) (PCL) containing zeolite and silica (SiO2) microparticles. 841 






PCL 0.7548 ± 0.0526 a 27.8 ± 0.1 a 0.02 ± 0.01 a 
PCL/SiO2 5 wt% 0.9753 ± 0.0331 b 27.7 ± 0.1 a 0.10 ± 0.03 b 
PCL/ SiO2 10 wt% 1.1590 ± 0.0672 c 31.3 ± 0.2 b 0.07 ± 0.03 c 
PCL/ SiO2 15 wt% 1.5884 ± 0.0632 d 31.5 ± 0.2 b 0.11 ± 0.05 b 
PCL/ SiO2 20 wt% 1.8647 ± 0.0651 e 33.9 ± 0.3 c 0.19 ± 0.02 b  
PCL/zeolite 5 wt% 0.7578 ± 0.0558 a 27.9 ± 0.1 a 0.02 ± 0.01 a 
PCL/zeolite 10 
wt% 1.0110 ± 0.0487 
c 24.2 ± 0.2 d 0.01 ± 0.01 d 
PCL/zeolite 15 
wt% 2.2771 ± 0.0621 
f 24.0 ± 0.2 d 0.02 ± 0.01 a 
PCL/zeolite 20 
wt% 8.1942 ± 0.0552 
g 24.0 ± 0.2 d 0.01 ± 0.01 d 












Table 2. Mechanical properties of the electrospun fibers mat and films of poly(ε-caprolactone) (PCL) 850 
containing zeolite and silica (SiO2) microparticles in terms of: tensile modulus (E), tensile strength 851 
at yield (σy), elongation at break (εb). 852 
Sample E (MPa) σy (MPa) εb (%) 
PCL fibers 19.6 ± 6.1 a 4.5 ± 0.8 a 183.9 ± 9.8 a 
PCL film 188.3 ± 10.1 b 22.5 ± 3.4 b 162.5 ± 8.1 b 
PCL/SiO2 5 wt% 205.6 ± 13.0 b 26.4 ± 2.1 b 77.8 ± 5.1 c 
PCL/ SiO2 10 wt% 198.4 ± 12.0 b 21.6 ± 3.2 b 47.7 ± 5.2 d 
PCL/ SiO2 15 wt% 196.5 ± 10.1 b 16.0 ± 2.7 c 35.4 ± 7.3 e 
PCL/ SiO2 20 wt% 56.4 ± 9.9 c 12.9 ± 2.6 d 31.7 ± 6.9 e 
PCL/zeolite 5 wt% 193.3 ± 12.0 b 27.3 ± 1.7 b 155.6 ± 20.0 b 
PCL/zeolite 10 wt% 195.2 ± 21.0 b 22.1 ± 3.8 b 127.0 ± 14.4 b 
PCL/zeolite 15 wt% 203.1 ± 17.0 b 19.1 ± 3.1 bc 84.6 ± 15.4 c 
PCL/zeolite 20 wt% 63.8 ± 7.0 c 6.2 ± 2.1 a 68.0 ± 12.4 c 





Table 3. Amount of histamine entrapped and binding capacity of the electrospun films of poly(ε-854 
caprolactone) (PCL) containing zeolite and silica (SiO2) microparticles. 855 
Samples 

















Control* 0.721 ± 0.051  --- 5.53± 0.01 14.04×107 0.771 ± 0.023 --- 5.99± 0.02 16.32×107 
PCL 0.039 ± 0.003 a 5.5 ± 0.1 a 5.67± 0.01 14.2×107 0.034 ± 0.007 a 4.4 ± 0.1 a 5.91± 0.01 16×107 
PCL/SiO2 5 
wt% 
0.434 ± 0.034 b 60.2 ± 0.8 b 5.51± 0.01 16.56×107 0.348 ± 0.016 b 45.1 ± 0.3 b 5.88± 0.02 15.02×107 
PCL/ SiO2 
10 wt% 
0.448 ± 0.037 b 62.1 ± 0.5 b 5.51± 0.01 16.12×107 0.392 ± 0.020 c 50.8 ± 0.6 c 5.91± 0.01 16.57×107 
PCL/ SiO2 
15 wt%  
0.530 ± 0.032 c 73.5 ± 0.3 c 5.55± 0.01 16.29×107 0.395 ± 0.031 c  51.2 ± 0.4 c 5.83± 0.01 17×107 
PCL/ SiO2 
20 wt%  
0.570 ± 0.021 d 79.1 ± 0.4 d 5.68± 0.02 14×107 0.428 ± 0.018 d 55.5 ± 1.1 d 5.9± 0.01 15.41×107 
PCL/zeolite 
5 wt% 
0.592 ± 0.037 d 82.1 ± 1.2 d 5.66± 0.02 14.74×107 0.430 ± 0.025 d 55.8 ± 1.4 d 6.01± 0.02 16.71×107 
PCL/zeolite 
10 wt% 
0.608 ± 0.017 de 84.3 ± 2.0 de 5.51± 0.01 14.58×107 0.453 ± 0.039 
de 
58.8 ± 2.3 de 5.96± 0.01 16.21×107 
PCL/zeolite 
15 wt% 
0.622 ± 0.028 de 86.3 ± 1.9 de 5.51± 0.01 15.48×107 0.482 ± 0.142 e 62.5 ± 3.2 e 5.89± 0.01 16.43×107 
PCL/zeolite 
20 wt% 
0.650 ± 0.031 e 90.2 ± 3.2 e 5.61± 0.02 15.02×107 0.614 ± 0.232 f 79.6 ± 4.0 f 5.99± 0.03 16.23×107 
* Histamine production capacity for each bacterium after 72 h 856 
**pH of each solution after 72 h (Initial pH was adjusted to 6 for each solution.) 857 
***Bacterial growth after 72 h (The initial bacterial count for S. aureus and S. Paratyphi A were 1.45 × 107 and 1.3 × 107 CFU/ml 858 
respectively.)  859 
a–f Different letters in the same column indicate a significant difference among the samples (p < 0.05). 860 
 861 
